Under global warming, the survival of many populations of sedentary organisms in seasonal environments will largely depend on their ability to cope with warming in situ by means of phenotypic plasticity or adaptive evolution. This is particularly true in high-latitude environments, where current growing seasons are short, and expected temperature increases large. In such short-growing season environments, the timing of growth and reproduction is critical to survival. Here, we use the unique setting provided by a natural geothermal soil warming gradient (Hengill geothermal area, Iceland) to study the response of Cerastium fontanum flowering phenology to temperature. We hypothesized that trait expression and phenotypic selection on flowering phenology are related to soil temperature, and tested the hypothesis that temperature-driven differences in selection on phenology have resulted in genetic differentiation using a common garden experiment. In the field, phenology was related to soil temperature, with plants in warmer microsites flowering earlier than plants at colder microsites. In the common garden, plants responded to spring warming in a counter-gradient fashion; plants originating from warmer microsites flowered relatively later than those originating from colder microsites. A likely explanation for this pattern is that plants from colder microsites have been selected to compensate for the shorter growing season by starting development at lower temperatures. However, in our study we did not find evidence of variation in phenotypic selection on phenology in relation to temperature, but selection consistently favoured early flowering. Our results show that soil temperature influences trait expression and suggest the existence of genetically based variation in flowering phenology leading to counter-gradient local adaptation along a gradient of soil tem-
| INTRODUCTION
Climate change is causing significant increases in temperature across the world, with warming being most pronounced towards Arctic regions (IPCC, 2014) , and with important effects on biodiversity (Bellard, Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012) . Species responses to global warming (Parmesan, 2006; Parmesan & Yohe, 2003) might involve distributional changes to track appropriate conditions in space (range shifts), or changes in the timing of life cycle events (phenological shifts) to keep up with seasonally changing abiotic factors. Most observations of responses to climate change have concerned alterations in phenology (Cleland, Chuine, Menzel, Mooney, & Schwartz, 2007; Ibáñez et al., 2010; Parmesan, 2006) , and such responses should be critical for survival at high latitudes, where the possibilities for dispersal to colder areas are restricted.
Individuals can change their phenology in response to warming through phenotypic plasticity (i.e. the ability of a given genotype to express different phenotypes in different environments, Agrawal, 2001 ) and populations can respond evolutionary through changes in their genetic structure (Anderson, Inouye, McKinney, Colautti, & Mitchell-Olds, 2012; Franks, Weber, & Aitken, 2014) . Observed phenotypic responses to warming have often been argued to be mainly due to phenotypic plasticity (Hoffmann & Sgrò, 2011; Leblans et al., 2017; Merilä & Hendry, 2014) , and only to a smaller extent due to evolutionary changes (Franks, Sim, & Weis, 2007; Lavergne, Mouquet, Thuiller, & Ronce, 2010) .
The seasonal timing of life cycle events determines how an organism interacts with the surrounding environment, and variation in phenology can have strong effects on survival and reproduction. Higher spring temperatures caused by current climate change have been shown to cause shifts in timing and length of the growing season, with an earlier start being resposible for most of these shifts (Linderholm, 2006) . Higher temperatures and the subsequent advancement of the growing season might condition the timing of life cycle events of an organism in a given year, leading to phenotypic plasticity in phenology as a consequence of direct effects of climate on physiological and developmental rates. However, variation in climate can also influence natural selection on timing, and differential selection might lead to genetic differentiation of populations (Anderson et al., 2012; Franks et al., 2007; Visser, 2008) . Local adaptation through genetic responses along climatic gradients can be either co-gradient, when genetic and environmental influences on a phenotype act in the same direction, counter-gradient when they act in opposite directions, or show no relation with the climatic gradient (Conover & Schultz, 1995) . Counter-gradient variation would be expected if growing season length is the only factor influencing selection on phenology. In this case, cold environments with short growing seasons (e.g. high latitudes or altitudes) would select for a higher sensitivity of developmental rates to spring warming, leading to the evolution of faster developing genotypes in cold environments than in warm environments. Individuals from cold environments would thus be able to start development at lower temperatures than individuals from warm environments when grown under similar conditions during spring.
The effects of climate warming on plant phenology have usually been examined empirically, by examining patterns of local adaptation along latitudinal (Toftegaard et al., 2016) or altitudinal gradients (Frei, Ghazoul, Matter, Heggli, & Pluess, 2014) , or by performing experiments using open-top chambers or other warming devices (Arft et al., 1999; Wolkovich et al., 2012) . Despite the convenience of latitudinal and altitudinal gradients as natural set-ups to study species' responses to climate warming (De Frenne et al., 2013; Körner, 2007) , they suffer from the limitation that other environmental factors often covary with temperature along these gradients. Experimental manipulation of temperatures allows us to dissect temperature effects from confounding environmental factors that covary with temperature in natural conditions. However, experiments are usually performed at smaller spatial scales, and are often associated with unintended disturbances in abiotic or biotic conditions (e.g. light availability, wind speed, soil moisture and biotic interactions) caused by environmental manipulations, that can result in the underprediction of phenological responses to warming (Wolkovich et al., 2012) . Moreover, the relatively short duration of most experiments does not allow the examination of long-term evolutionary responses. Geothermally heated ecosystems (Leblans et al., 2017; O'Gorman et al., 2014) provide unique "natural laboratories"
for studying long-term responses to temperature increase, avoiding many of the limitations of both larger-scale temperature gradients and experimental designs. As some of these systems have been warmed for a long time (e.g. more than 50 years of continuous warming on Icelandic sub-arctic grasslands, Leblans et al., 2017; O'Gorman et al., 2014) , they allow the evaluation of the long-term effects of warming on plant phenology. Moreover, temperature differences in these systems are large (e.g. 0-50°C, O'Gorman et al., 2014) , and occur over small spatial scales, reducing variation in other environmental factors (Leblans et al., 2017; Richardson, Urban, Bolnick, & Skelly, 2014; Robinson, McLaughlin, Marteinsdóttir, & O'Gorman, 2018) . Combinations of observational studies on natural geothermal soil warming gradients with common garden experiments should thus constitute a very powerful approach to assess plastic and genetic responses of plant phenology to warming.
In this study, we investigated the relationship between small-scale variation in geothermal soil warming and phenotypic and genotypic differences in flowering phenology, using the perennial herb Cerastium fontanum in sub-arctic Icelandic grasslands where large differences in growing season length along natural geothermal soil warming gradients have been documented (Leblans et al., 2017; Perron, 2017 ).
Because we expected differences in other environmental factors to be small, we predicted that growing season length should strongly influence selection on plant flowering phenology, leading to counter-gradient variation (Conover & Schultz, 1995) in genetic responses to warming. More specifically, we hypothesized that: (a) colder microsites are associated with a later flowering phenology in the field, (b) natural selection for early flowering is stronger at colder microsites with shorter growing seasons, and as a consequence of such differences in VALDÉS ET AL. selection, (c) there are genetically based differences in phenology that are related to soil temperature at the microsite of origin, and these differences are in a counter-gradient fashion, with plants originating from colder microsites flowering earlier.
| MATERIALS AND METHODS

| Study system
The study was carried out in the Hengill geothermal area, 40 km east of Reykjavik, Iceland (64°3' 11"N, 21°18' 16"W; 360 m a.s.l.).
This area is located at the base of the Hengill volcanic system, near to the Hrómundartindur and Hveragerði volcanic systems, where the Reykjanes Volcanic Zone, the West Volcanic Zone and the South Iceland Seismic Zone converge (Saemundsson, 1992; Zakharova & Spichak, 2012) . The underlying bedrock of the study site contains geothermal channels originating from high volcanic activity common at tectonic boundaries (Zakharova & Spichak, 2012) . These channels warm the water and soil through radiative heating (Gudmundsdottir et al., 2011; Saemundsson, 1995) . The soil temperatures range from average ambient to over 20°C above ambient in some areas with little to no warming on the air temperature (O'Gorman et al., 2014) .
The study area covers approximately 0.5 km 2 where the main vegetation type consists of unmanaged, but grazed, subarctic grassland.
Grassland ecosystems cover ca. 40% of the global terrestrial surface (of which 25% is at northern high latitudes, Chapin, Matson, & Vitousek, 2011) , and temperature has been suggested to be an important driver of grassland phenology (Cleland, Chiariello, Loarie, Mooney, & Field, 2006; Frei et al., 2014) . Apart from soil temperature, there are no significant changes in other abiotic factors (e.g. soil chemistry, elevation) in our study area (Robinson et al., 2018) . This system has been heated for over 50 years (probably much longer, (Saemundsson, 1967) , offering a unique natural laboratory for studying the long-term effects of warming.
For this study, we focused on the effects of warming on flowering phenology of Cerastium fontanum, a short-lived clonal perennial herb that flowers in June and July in the study area. It can be crossor self-pollinated and it shows unspecialized seed dispersal (Fitter & Peat, 1994; Kristinsson, 1998) . We chose this study species because it occurs over a relatively wide range of temperatures, and because it can be easily grown from seeds.
| Data collection
We collected data on soil temperature and flowering phenology in plant flowering in the field from which seeds were collected) ranged from 1 to 10 plants (mean ± SD = 5.5 ± 2.7).
| Statistical analyses
To assess if local soil temperature is associated with an earlier phenology in the field, we fitted generalized linear models of flowering phenology against soil temperature in both study years. We used a 
| RESULTS
Soil temperature ranged from 6.8 to 33.7°C in 2015, with a mean value of 18.2°C, and from 4.1 to 45.5°C in 2017, with a mean value of 14.4°C. Soil temperature showed a large variation within short distances; soil temperatures of plants located 1 m apart sometimes differed by 10°C, and plants located 10 m apart differed with up to 25°C.
Higher soil temperature was associated with an earlier phenology in both study years, although temperature explained only a relatively small part of the variability in phenology (Table 1) . In 2015, the probability of not having flowered at the day of recording decreased with soil temperature (Figure 1a) , and in 2017, FFD was earlier with higher soil temperatures (Figure 1b) .
The relationship between plant phenology and fitness did not depend on soil temperature (the effect of the interaction phenology × soil temperature was not significant, Table 2a , Figure 2b ).
When the interaction was removed from the model, fitness increased with an earlier flowering (Table 2b, Figure 2a ).
Phenology in the common garden differed among plants with different mothers (Table 3a) , and these differences were related to soil temperature at the microsite of origin of the mother plant (Table 3b ). As hypothesized, differences in phenology followed a counter-gradient pattern; plants with mothers from colder microsites flowered earlier than plants with mothers from warmer microsites ( Figure 3 ).
| DISCUSSION
In this study, geothermally induced small-scale variation in soil temperatures was related to both phenotypic and genotypic variation in flowering phenology of the grassland plant Cerastium fontanum.
Plants at warmer microsites flowered relatively earlier than plants at colder microsites. In contrast, plants grown in a common environment responded to spring warming following a counter-gradient pattern: plants originating from warmer microsites flowered later than those originating from colder microsites. Yet, we were not able to document the corresponding pattern of phenotypic selection on phenology (i.e. stronger selection for early flowering at colder microsites) along the temperature gradient in one study year. From a methodological perspective, our study highlights the suitability of geothermal systems for studying ecological and evolutionary responses to global warming. Our results show a plastic response of C. fontanum flowering phenology to natural differences in local soil temperature, with earlier flowering being associated with warmer microsites in two different years. The start of flowering in plants has been reported to advance with increasing temperatures along natural temperature gradients or in response to experimental manipulations (De Frenne et al., 2011; Menzel, Sparks, Estrella, & Roy, 2006; Price & Waser, 1998) , and this study highlights that responses to temperature differences also happen over small spatial scales. Previous studies have suggested that the response of flowering time to temperature is mainly due to phenotypic plasticity, which is controlled by plant physiology, and thus can be relatively rapid (De Frenne et al., 2011; Frei et al., 2014) . The earlier flowering phenology at warmer microsites along the temperature gradient observed in this study is in agreement with a reported advancement in the start of the growing season in response to warming at a nearby site (Leblans et al., 2017) . Previous studies with northern plant species have shown that the physiological control mechanisms of the start of the growing season are to a larger extent driven by heat accumulation (e.g.
Growing Degree Days), than by light regime (Bennie, Kubin, Wiltshire, Huntley, & Baxter, 2010) . Changes in the persistence of snow cover are also an important driver of flowering time in high latitude and high altitude ecosystems (Inouye & McGuire, 1991) . Therefore, the earlier flowering of C. fontanum in warmer microsites could be induced both by higher heat accumulation and earlier snowmelt in these microsites.
Our results not only provide evidence of phenotypic responses to temperature variation, but also suggest the existence of an evolutionary response to geothermal soil warming. Flowering phenology in a common environment differed among plants with different mothers, and this variation was related to soil temperature at the microsite of origin of the mother plant, suggesting the existence of genetic differentiation in flowering time related to temperature variation. Because we used seeds collected from plants grown in the field, some of the observed variation in flowering phenology in the common garden might potentially be due to non-genetic maternal effects (Galloway, 2005; Rossiter, 1996) , rather than due to additive genetic variation. The maternal environment may influence the phenotype of the offspring directly, through seed provisioning or through plasticity of traits in the maternal plant that influence offspring trait expression (Galloway, 2005) . The plants used in our common garden study were grown for two years in a common environment before recording their flowering phenology, which should have decreased, although not eliminated, maternal effects.
Moreover, maternal effects are usually most pronounced in early life-history stages (Rossiter, 1996) , and thus probably not highly affecting our results. A third reason why maternal effects appear to be less likely to qualitatively have influenced our findings, is that the relationship between temperature at the microsite of origin and flowering phenology in the common garden was in the opposite direction to the pattern observed in the field.
In the common garden, plants originating from environments with longer growing seasons (i.e. warmer microsites) started flowering relatively later than plants originating from environments with shorter growing seasons (i.e. colder microsites). This is in contrast with the pattern in the field, where plants at warmer microsites flowered relatively earlier than plants at colder microsites. These (Conover & Schultz, 1995) . The results of our common garden study agree with results obtained over larger-scale temperature gradients. For example, plants originating from northern populations usually flower before plants from southern populations when grown in a common environment (Kollmann & Bañuelos, 2004; Olsson & Ågren, 2002) . In cold environments, a later start and a shorter duration of the growing season constrains the period available for growth and fruit maturation, and should select for fast development and early flowering, and result in plants evolving to start development at lower temperatures. The existence of genetically determined variation in flowering phenology over small spatial scales in our study contributes to the increasing evidence of the importance of microgeographic adaptation (Richardson et al., 2014; Skelly, 2004) . For local adaptation to occur, the strength of selection has to exceed the homogenizing effect of gene flow (García-Ramos & Kirkpatrick, 1997) . Cerastium fontanum reproduces with cross-pollination or selfing. In our study site selfing is likely very common as it has been demonstrated that selfing rates increase with latitude and altitude (Bliss, 1962; Medan et al., 2002) . Moreover, phenological assortative mating can promote local adaptation because the differences in flowering time might lead to partial temporal reproductive barriers, which should reduce gene flow (Soularue & Kremer, 2014; Weis, 2015; Weis & Kossler, 2004) . In addition to pollen dispersal, gene flow is likely to occur through seed dispersal. However, seeds of C. fontanum lack mechanisms for dispersal and are likely to mostly be dispersed over relatively short distances (Fitter & Peat, 1994; Kristinsson, 1998) . Taken together, gene flow through pollen and seed dispersal in the studied population appears to be limited and not strong enough to counteract selection and prevent the evolutionary divergence of plants in cold and warm microsites. Genetic differentiation at such small spatial scales might allow to buffer species against future climatic changes. For instance, plants exposed to locally warm temperatures might supply the adaptive alleles that promote more widespread adaptation to warming temperatures (Richardson et al., 2014) , allowing species to persist under future climatic conditions.
Although the results of our common garden experiment suggest the existence of an evolutionary response to geothermal soil warming which should be the consequence of differences in phenotypic selection among cold and warm microsites, we found no evidence of such variation in selection. Contrary to our expectation of natural selection for early flowering being stronger in colder microsites, selection favored early flowering irrespective of soil temperature. On the one hand, the strenght and direction of phenotypic selection in natural populations has been shown to vary temporally (Siepielski, DiBattista, & Carlson, 2009) , and the conditions favouring stronger selection for early flowering in colder microsites might be present in some years, but absent in others. For example, in years with very cold springs or late spring frosts, where cold temperatures and frost damage could prevent pollination and fruit set in early flowering plants (Inouye, 2000) , selection for early flowering in colder microsites might be weaker than it would be in years with average spring conditions. On the other hand, our results agree with previous work showing the persistence of phenotypic selection for early flowering in natural populations (Austen, Rowe, Stinchcombe, & Forrest, 2017; Munguía-Rosas, Ollerton, Parra-Tabla, & De-Nova, 2011) . One reason for this might be that both early flowering and fitness are influenced by the environment, i.e. environmental covariance (Ehrlén, 2015; Stinchcombe et al., 2002) . Individuals growing at the most T A B L E 3 Results of linear mixed models on flowering phenology (first flowering date) in the common garden, including effects of (a) mother (random effect), and (b) mother (random effect) and soil temperature at the origin of the mother (fixed effect). 
